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Nanopore sequencing was coined in a pioneering work of using an a-hemolysin protein ion channel imbedded in a lipid bilayer to detect single DNA molecules. [1] [2] [3] With two buffer-filled reservoirs connected only by the nano-size channel (or called nanopore), single-stranded DNA molecules electrophoretically translocate through the nanopore upon a voltage bias supplied, leading to a series of ionic current blockade events. 4 Depending on the physical sizes of the individual bases on a single-stranded DNA chain, the sequencing of DNA could be read directly from the unique blockade current signal with a high speed regardless of the DNA length. [5] [6] [7] However, protein nanopore has a well-defined size of ~ 1.5 nm, exhibits no freedom to tune the pore size. In addition, it also suffers from instability as being labile. To develop a more flexible and stable platform for nanopore sensing and sequencing, solid-state nanopore across insulating
solid-state membrane demonstrate its ability to sense a variety of bio-molecules including DNA, RNA and proteins. [8] [9] [10] [11] [12] Based on the extensive range of materials and size request, chemical etching, 13 ion or electron beam sculpting 14, 15 have been explored in nanopore preparation, among which focused electron beam drilling using a transmission electron microscope (TEM) is the most widely used approach because of high precision and less materials limitation. [16] [17] [18] Nonetheless, TEM drilling is time-consuming and expensive to operate as usually users have to align the beam carefully and fight against the thermal drift of sample, making the nanopore device research accessible to only handful laboratories worldwide.
Lasers are widely used in drilling and cutting of materials for industrial manufacturing applications, 19 in which micro-size drilling in various materials can be prepared efficiently and economically without contamination. 20 By use of high numerical aperture optics, short wavelength light sources (e.g., ultra violet) and femtosecond laser duration, sharp and well-defined nanostructures of a few hundred nanometers can be produced by laser manufacturing. [21] [22] With 4 enhanced femtosecond pulse laser such as near field laser drilling and liquid-assisted lasers drilling, the resolution can be further improved to sub-100 nm. [23] [24] [25] However, direct laser drilling still faces considerable challenges to achieve nano-scale (<100 nm) resolution constricted by the diffraction limit. 26 Surprisingly, we present in this paper for the first time that nanopores down to 19 nm can be fabricated with a single nanosecond laser pulse across a SiNx membrane. The size is not determined by diffraction limit, but by the kinetic process dependent by the laser fluence and pulse duration.
The drilling-through time is only within a few nanoseconds, thermal drift of the sample is no longer a concern in the fabrication. Figure   1a ). About 3.6% of the laser power is absorbed as measured by a microspectrophotometer ( Figure   1b ) and presumably converted into heat, which results in the vaporization of SiN x and the drilling of a pore in the membrane. By varying the laser power, the nanopore diameter can be tuned from several hundred to tens of nanometers (Figure 1c ). The smallest nanopore we achieved using manual adjustment is ~ 19 nm in diameter. With this rapid and efficient process, arrayed nanopores of desired patterns can be realized readily even with a manual translation of the microscope stage ( Figure 1d ).
To understand the underlying laser drilling mechanism, we establish a microscopic theoretical model to describe the laser drilling process in the red dashed area ( Figure 1a ). The amorphous low-stress SiN x is considered to be isotropic, and laser induced heat source is assumed to be distributed in a Gaussian profile along the radial direction (r) and to be constant during the pulse-on time for a single pulse. The energy balance at the top surface is expressed as
where n is the normal vector of the boundary, k is the thermal conductivity of the SiN x film, T is the temperature, α abs is the membrane absorption coefficient, P is the laser power, and R is the radius of focused laser beam. The left hand side describes the heat flux along the surface normal, while the right hand side corresponds to the boundary heat source, which is induced by the absorbed laser power averaged over the laser spot. Since the laser beam diameter is much smaller than the SiN x membrane lateral size, a 2D axisymmetric transient heat transfer model is used assuming that the laser energy absorbed at the absorption front converts to heat instantaneously (method). Because the thermal properties, such as the thermal conductivity, the density and the specific heat differ after the vaporization of SiN x , we define a parameter, H(T), which varies from zero for solid to be unity for W), smaller than that it is impossible to drill a pore; (2) above the threshold fluence a fairly long "incubation" time is needed within the pulse duration, the higher the laser fluence, the shorter the incubation time; (3) once the pore is drilled through, it continues to grow within a single pulse until reaching the end of 5 ns, giving rise to the ultimate pore size we observed. For the critical fluence, the simulated pore diameter is only 18 nm. This is very close to what was achieved in experiment (19 nm) . Moreover, the simulated pore sizes for various laser powers show good agreement with the experimental average from accurate electron microscopy measurement (Figure 2b ). The size deviations in experiment may originate from the instability of the laser power (~ 10%) and the duration time. Such deep subwavelength nanopore sizes are due to the fact that Gaussian-shaped laser power flows predominantly in z direction, as we have stated in the model. As such, our model predicts that the actual pore exhibits a funnel-like shape, with the top surface being the wider opening, while the bottom part is more or less cylindrical (shown in Figure 2c ). To confirm the prediction, we performed electron tomography of reconstruction of a nanopore based upon a tilt series of bright field (BF) transmission electron microscopy (TEM) images. Figure 2d shows that the reconstructed 3D structure of a laser drilled nanopore is in a homogeneous shape with a funnel-like morphology, which is in good agreement with the profile of the simulation model observed to cease (data not shown here).
To confirm that the translocation event observed indeed correspond to pUC19 molecules and exclude the possibility of random telegraph noise, 30 we performed the polymerase chain reaction (PCR) to indentify the DNA molecules in cis and trans chambers (methods). We use the DNA injected buffer in cis chamber as the positive control (P 1 , P 2 ), and distilled water is used as the The smallest size we can achieve at present is still larger than the diameter of DNA molecules.
To put it in perspective, if the laser pulse width and the power density can be accurately controlled, one should be able to reproducibly drill nanopores within 10 nm. Another option is to add one more step of atomic layer deposition, which has been shown to effectively decrease the size and change the surface functionality of nanopore. By coating a 5 nm alumina using ALD, we are able to shrink a 20 nm nanopore to 10 nm (Figure 4a ). The corresponding conductance of a 10 nm ALD shrunk nanopore is decreased to 10 nS (Figure 4b) , and the baseline ionic current has been decreased dramatically (from 15 nA to 1.5 nA) with the noise level ~ 17 pA. Under the same sensing condition, a series of sharp translocations of pUC19 molecules have been achieved (Figure 4c ). The ALD shrunk nanopore with a smaller diameter has larger electric field intensity around, as a result, the typical blockade currents for the unfolded and folded events increase to ~ 220 pA and ~ 440 pA, and the signal to noise ratio (SNR) is greatly improved compare with the as-drilled nanopore.
Furthermore, because of a much bigger resistance in a small and long ALD-shrunk nanopore, folded events require a longer dwell time (0.6 ms) compared with unfolded ones (1.4 ms) during the translocation (Figure 4f ).
In summary, we have proposed and realized a simple and rapid fabrication of sub-20 nm solid-state nanopores in SiN x membrane using a single nanosecond laser pulse, far beyond the optical diffraction limit. The laser drilling can be well understood based upon a 2D axisymmetric heat transfer model. We expect this model is applicable in other materials and exhibit the potential to push further down to sub-10 nm. Our laser drilling method provides a new commercial nanopore fabrication approach and pushes forward the frontier of fast and cheap nanopores for high-sensitive single molecule detection. 
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METHODS
Laser drilling and characterization of nanopore
32-33
Modeling and Simulation
We use an axisymmetry boundary condition at r = 0, and an open boundary condition at r = 3a
since the radial dimension of the membrane is much larger than the laser diameter. The governing equation for the transient heat transfer process is expressed as follows, 27 , 34
where ρ is the density and C p is the specific heat. On the bottom surface of the membrane (z = 0), convection and surface-to-ambient radiation cool the system. The ambient and the initial conditions of the domain are assumed to be of room temperature. This 2D surface-heating source model can explain funnel-shaped profiles in pulsed laser machining in both opaque and transparent materials. [35] [36] We have also simulated using a bulk-heating model which predicted an asymmetric truncated double-cone shape as similarly reported in nanopores fabricated by electron beam drilling. 37 This is contradictory to the experimental nanopore profile observed in our experiments, therefore the bulk-heating model was not adopted in our simulation.
During the vaporization process, which starts at T = T 1 and end at T = T 2 , the latent heat is incorporated by modifying the specific heat, 
where C p,s is the specific heat of solid SiN x , C p,air is the specific heat of air (or vapor SiN x ), D(T) = dH(T) / dT, and l m is the latent heat of fusion. The model is numerically calculated using the finite element method in the commercial multiphysics software-COMSOL. An animation of the simulated laser drilling process is provided in supplementary information, which illustrates how the nanopore evolves upon laser irradiation to form a funnel-shape nanopore.
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DNA translocation measurement
The nanopore chip was glued to a PVC chip holder by Epoxy resins and two PVC tubes are also glued to the two sides of chip holder to form the cis and trans chambers. The device is mounted in a Faraday box to avoid outside electromagnetic interference. Axopatch 200B capacitive feedback patch clamp is used to apply the bias and detect the ionic current signals through a pair of Ag/AgCl electrodes. The current signal is recorded with a 50 kHz sampling rate and filtered by 2 kHz Bessel filter, then further digitized using Axon Digidata 1440A data acquisition system.
DNA handling and PCR
The flat-end linearized pUC19 was prepared from circular vector pUC19 after restriction enzyme digestion by Sma1 for 1 h in room temperature, and purified by a PCR purification kit (QIAGEN GmbH, Germany). 1 nM linearized pUC19 is used in DNA translocation experiments. Cis and trans chamber solutions were separately taken for PCR. Since the number of molecules in trans chamber after translocation is very low, it is not possible to produce proper bands by regular PCR protocol. [38] [39] Therefore to concentrate the molecules, trans chamber solution was first desalted by the kit, frozen overnight at -20°C, and finally freeze dried (Freeze dryer ALPHA 1-2 LDplus, Martin Christ Gefriertrocknungsanlagen GmbH, Germany) and dissolved into PCR reaction mixture 16 to perform PCR. To further amplify PCR band signal, trans chamber PCR product was again desalted, freeze dried, and dissolved into PCR reaction mixture and PCR was repeated. In both PCRs, cis chamber solution was used for positive control without any purification.
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